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Abstract 
A mixed substrate named FS-G-CD-S-SS, consisting of fine sand, gravels, coal dust, slag and sewage sluge in a 
proportion of 20% each in size, was made in order to test effect of purification on pollutants. Multiple comparisons 
and correlation analysis were used to analyze physical and chemical properties and the absorption capacity of 
phosphorus. The test results show that the phosphorus purification capacity and the substrate of FS-G-CD-S-SS 
model has no linear relationship when the concentration of wastewater with phosphorus ranges 100mg/L~500mg/L, 
but that the maximum phosphorus purification capacity reached when the concentration was 200mg/L. Moreover, 
there is no linear relationship between FS-G-CD-S-SS and purification capacity of phosphorus when drainage time is 
0.25h~48h, but the best purification results reached when the drainage time is 24h. There are no significant 
differences between the removal rate and the substrate of FS-G-CD-S-SS at different water concentrations and time 
of watering and drainage. 
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Introduction 
Wetland is an unique system on earth and is one of the most important living environment as well as 
biological diversity of natural landscapes [1].  It is reported that the first constructed wetland emerged in 
Germany in 1970s [2]. It consisted of three functional parts: substrate, microbe, and aquatic plants. The 
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three parts jointly work to purify wastewater. The constructed wetland has drawn more attention because 
of its good ecological functions and efficient removal capacity of eutrophication elements. The 
constructed wetland is characterized by efficient removal of pollutants with low consumption, playing 
functional roles in purification of wastewater. Its core constituent is substrate which is one of most 
important constituents of the constructed wetlands. It is indicated that the substrate plays important roles 
in removal of phosphorus pollutant [3-5]. Substrate is generally made from fine sands, crude sands, 
zeolite and soil[6], which is a base where physical, chemical and biological reactions take place. It 
provides suitable conditions for microbe reproduction and plant growth, removes pollutants of wastewater 
through physical and chemical absorption [7]. Moreover, substrate can create good hydraulic environment 
for seepage of wastewater [8]ǄGuo Benhua et al [9] set up a substrate by using gravels, zeolites, shales and 
ceramsites to test effect of removal of phosphorus, indicating that gravels are best in removal of 
phosphorus in wastewater. Its removal rate can reach 95%. Shales rank behind the gravels, but the 
performance of ceramsites is the poorest among the three with only 35% of removal rate. Gray et al [10] 
used calcified seaweed as substrate to do a comparison study in removal effect, finding that the effect of 
calcified seaweed is similar to that of shale and steel slag. Drizo et al[5] made a comparison study in 
effect of phosphorus removal among 7 kind of substrate materials including zeolite, bauxite, limestone 
and shale, concluding that shale is the best in removal of phosphorus. Zhao Guiyu et al. [11] did a 
comparison study among zeolites, dolomite, shale and dry residues to test the effects of phosphorus 
removal, revealing that dry residues are best in removal of phosphorus. Sakadevan et al. [12] used steel 
slag, soil, blast furnace slag and zeolite as substrate to test effects of phosphorus removal, showing that 
steel slag and blast furnace slag perform best in removal of phosphorus. 2 types of soil were used in the 
test, finding that the maximum absorption of phosphorus in the two types of soil were 1153 mg/kg and 
934mg/kg, respectively. However, the absorption capacity of the blast furnace slag reached 44,200mg/kg, 
which is over 40 times of the absorption capacities of the two types of soil. Therefore, it can be concluded 
that the previous studies used single substrate materials to test the effect of phosphorus removal. Some 
researchers pointed out that the compound substrate materials could significantly improve the effect of 
removal of wastewater pollutants. For instance, Zhang Fang et al [14-16]  indicated that coal slag does 
not perform well in absorption of TPˈNH4-N and COD, and that the coal slag is often mixed with other 
substrate materials. Zhang Fang et al pointed out that steel slag is a very effective substrate material, and 
that steel slag is not favorable for plant growth because of alkaline properties. Yuan Donghai et al. [17] 
proposed that compound of steel slag and sands could strengthen removal effect. Yuan Lihua et al. [18] 
indicated that zeolite could promote release of insoluble phosphorus and intensify limestone’s effect of 
phosphorus removal. Hence, the zeolite and limestone could collaborate with each other in removal of 
phosphorus. The test results of use of compound substrate materials of fine sands, gravels, coal dust, fine 
coal slag and sewage sluge were discussed in this article in aspects of physical and chemical properties, 
and effects of absorption of phosphorus so as to provide theoretical basis for establishment of the 
constructed wetlands.  
Materials and Methods 
Materials. Fine sand, gravels, coal dust, slag and sewage sluge were mixed together in a proportion of 
20% each in size to constitute a substrate titled FS-GCD-S-SS model. A mini constructed wetland was set 
up in a size 1m in width *1m in length * 1m in height. 2 water drainage pipes with a diameter of 3 cm 
were laid at the bottom of the pool. Small holes were drilled in the pipes with 1 cm intervals. 
Cobblestones with diameters of 3-5 cm were laid at the bottom to function as filtration bed. A layer of 
plastic gauze was laid over the cobblestones to prevent fine sand from blocking gaps among the 
cobblestones. The substrate materials with 80 cm thick were put over the plastic gauze. An inlet pipe with 
a diameter of 3 cm was installed over the surface of the substrate, with a 10 cm distance to the surface of 
the pool. Emulsion was used to seal the inlet and drainage pipes. 
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Research methods 
To test the physical and chemical properties of the substrate. Seven physical indicators including 
the bulk density, density, hydraulic conductivity, D10, D80, K80 and total porosity were tested in 6 
repeats. And 13 chemical indicators were tested, including CEC, pH, organic, exchangeable calcium, 
exchangeable magnesium(Mg), exchangeable aluminum(Al), available iron (Fe), available manganese 
(Mn), total content of calcium(Ca), total content of aluminum(Al), total content of manganese (Mn), total 
content of iron (Fe), and total content of magnesium(Mg). The test was conducted in 6 repeats. 
Table 1 The physical and chemical indicators for substrate 
Test Bulk density Density hydraulic conductivity Total porosity CEC 
Indicator (g/cm3) (g/cm3) (mm/min) (%) (cmol/kg) 
Average 1.0633 2.5161 0.8045 0.5764 23.1481 
Test D10 D80 K80 Available Fe Available Mn 
Indicator ˄mm˅ ˄mm˅ ˄mm˅ (mg/kg) (mg/kg) 
Average 0.149 2 13.4228 0.3959 0.0153 
Test Organic Exchangeable Ca Exchangeable Mg Exchangeable Al PH 
Indicator (g/kg) (cmol/kg) (cmol/kg) (mg/kg)  
Average 2.1041 0.3374 0.1107 4261.93 10.6264 
Test Total Ca Total Mg Total Al Total Fe Total Mn 
Indicator (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) 
Average 320.6 170.48 8.9675 21.9033 0.3921 
      Note: Mo-Sb-Vc-method was used to test the content of phosphorus. 
Processing experiment of phosphorus removal. Tap water was continuously filled into the 
simulation pool of the constructed wetland after the substrate was set up. The permeability coefficient 
was then tested. And the time when water load is 2m3/d was measured. K2HPO4 was used to modulate the 
concentrations of P into 100mg/L, 200mg/L, 300mg/L, 400mg/L and 500mg/L so as to simulate 
wastewater. The simulated wastewater with water load of 2m3/d was vertically and continuously put into 
the simulation pool. Then the concentrations of P were tested after 0.25h, 0.50h, 1h, 2h, 4h, 8h, 16h, 24h 
and 48h. The experiment was repeated for 6 times. 
Experimental data. STATISTICS 6.0 software was used to do multiple comparison and correlation 
analysis. The experimental data can be seen in Tables 2-3. 
Table 2 The cut stock of phosphorus 
Time 
Concentration 
100mg/L 
Concentration 
200mg/L 
Concentration 
300mg/L 
Concentration 
400mg/L 
Concentration 
500mg/L 
h Cut stock Cut stock Cut stock Cut stock Cut stock 
0.25 92.6699 197.7146 296.3856 397.8617 489.5229 
0.5 92.5076 195.5196 294.8769 383.5969 488.6351 
1 93.0904 196.5108 293.1612 386.5491 487.8344 
2 94.0545 200 292.7364 379.7407 486.6743 
4 95.1819 190.5686 294.9532 381.1459 487.0283 
8 95.7919 191.3475 292.6711 378.3845 480.9172 
16 97.3824 196.4237 292.4314 383.5425 484.3758 
24 98.4989 196.3693 293.1721 375.8083 484.3724 
48 96.1841 194.9151 288.5534 385.4706 491.5381 
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Table 3 The removal rate of phosphorus 
Time 
Concentration 
100mg/L 
Concentration 
200mg/L 
Concentration 
300mg/L 
Concentration 
400mg/L 
Concentration 
500mg/L 
h Removal rate Removal rate Removal rate Removal rate Removal rate 
0.25 92.6699 98.8573 98.7952 99.4654 97.9046 
0.5 92.5076 97.7598 98.2923 95.8992 97.7271 
1 93.0904 98.2554 97.7204 96.6373 97.5669 
2 94.0545 100 97.5788 94.9352 97.3349 
4 95.1819 95.2843 98.3177 95.2865 97.4057 
8 95.7919 95.6737 97.5571 94.5961 96.1834 
16 97.3824 98.2119 97.4771 95.8856 96.8751 
24 98.4989 98.1846 97.7241 93.9521 97.5931 
48 96.1841 97.4575 96.1845 96.3676 98.3076 
Results and analysis 
 The cut stock of P under different substrate conditions with different phosphorus concentrations 
 
 
Fig.1 shows that the substrate of FS-G-CD-S-SS model with concentration of P of 100mg/L has 
significant differences on the cut stock of P ˄F=15.73˗P<0.001˅. There are no significant differences 
among time of 0.25h, 0.5h, and 1h; neither among time of 0.25h, 1h and 2h; nor between time of 2h and 
4h; nor among time of 4h, 8h and 48h; nor among time 16h, 24h and 48h. There is significant difference 
among time of 0.5h, 2h, 8h and 16h. There is difference between time of 4h and 8h, but not significant.  
Fig.2 indicates that the substrate of FS-G-CD-S-SS model with concentration of P of 200mg/L has 
significant differences on the cut stock of P ˄F=8.51˗P<0.001˅. There are no significant differences 
between time of 0.5h and 1h. There are significant differences among time of 1h, 2h, 16h and 24h and 
among time of 1h, 2h, and 16h. There is general difference among time of 0.25h, 16h, 24h and 48h, but 
no difference among time of 16h, 24h and 48h. 
Fig. 1 The cut stock of P under FS-G-CD-S-SS model with 
concentration of P of 100mg/L at different drainage time Fig. 2 The cut stock of P under FS-G-CD-S-SS model with 
concentration of P of 200mg/L at different drainage time  
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Fig.3 reveals that the substrate of FS-G-CD-S-SS model with concentration of P of 300mg/L has 
significant differences on the cut stock of P ˄F=96.41 P˗<0.001 .˅ There are very significant differences 
between time of 0.25h and other time intervals. There is general difference between time of 0.5h and 24h, 
but significant differences between the time of 0.5h and 24h and other time intervals. There are general 
differences between time of 1h and 2h, 8h, 16h and 24h, but very significant difference between time of 
24h and 0.25h, 0.5h, 4h, 16h and 48h. Moreover, there also exists very significant differences between 
48h and other time intervals. 
Fig.4 indicates that the substrate of FS-G-CD-S-SS model with concentration of P of 400mg/L has very 
significant differences on the cut stock of P ˄ F=177.0752 P˗<0.001 .˅ There are no significant differences 
between time of 1h and 4h, only general difference between 0.5h and 16h, or between 1h and 48h, and 
between 2h and 8h. However, there are very significant differences among above time intervals and other 
time intervals.  
 
Fig. 3 The cut stock of P under FS-G-CD-S-SS model with 
concentration of P of 300mg/L at different drainage time  
Fig. 4 The cut stock of P under FS-G-CD-S-SS model with 
concentration of P of 400mg/L at different drainage time 
Fig. 5 The cut stock of P under FS-G-CD-S-SS model with concentration of P of 500mg/L at different drainage time 
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Fig.5 shows that the substrate of FS-G-CD-S-SS model with concentration of P of 500mg/L has very 
significant differences on the cut stock of P ˄ F=47.0821 P˗<0.001 .˅ There are general differences among 
time of 0.25, 0.5 and 1h, no difference between 0.5h and 1h, only general difference between 0.25h and 
2h and 4h intervals. However, there is no difference between 2h and 4h, but the time intervals have 
significant differences with other time intervals. In addition, there is no difference between 16h and 24h, 
but the time interval has significant difference with other time intervals.  
   The substrate’s removal rate of phosphorus under different concentrations of P  
 
When phosphorus concentration in the inlet water is 100mg/L, the substrate of simulated constructed 
wetland model FS-G-CD-S-SS has significant difference in removal rate of phosphorus 
(F=15.73;P<0.001). There are no significant differences either at 0.25h, 0.5h and 1h intervals, 0.25h, 1h 
and 2h intervals, 2h, 4h intervals, or at 4h, 8h, and 48h intervals, 16h, 24h and 48h intervals. However, 
significant differences appear at 0.5h, 2h, 8h and 16h intervals, but general difference at 4h and 48h time 
intervals as shown in Fig.6.  
Fig.7 shows that the substrate of simulated constructed wetland model FS-G-CD-S-SS has significant 
difference in removal rate of phosphorus (F=8.51; P<0.001) when phosphorus concentration in the inlet 
water is 200mg/L. There are no significant differences either at 0.25h, 0.5h and 1h intervals or at 0.25h 
and 1h intervals. However, there are significant differences between 2h and time intervals of 0.5h, 1h, 2h, 
4h, 8h, 16h, 24h, and 48h. There is no difference between 4h and 8h, but the time intervals have very 
significant differences with 0.25h, 0.5h, 1h, 2h, 16h, 24h and 48h intervals. 
Fig. 6 The removal rate of phosphorus in the substrate of 
FS-G-CD-S-SS model at different drainage time intervals 
when phosphorus concentration in the inlet water is 100mg/L 
Fig. 7 The removal rate of phosphorus in the substrate of 
FS-G-CD-S-SS model at different drainage time intervals when 
phosphorus concentration in the inlet water is 200mg/L 
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Fig.8 indicates that the substrate of simulated constructed wetland model FS-G-CD-S-SS has very 
significant difference in removal rate of phosphorus (F=96.41; P<0.001) when phosphorus concentration 
in the inlet water is 300mg/L. There are very significant differences between 0.25h and other time 
intervals, but there is no difference between 0.5h and 4h although the time intervals have significant 
difference with other time intervals. There exists general difference between 1h and time intervals of 2h, 
8h, 16h and 24h. However, there are very significant differences between 24h and time intervals of 0.25h, 
0.5h, 4h, 16h and 48h. Moreover, significant differences exist between 48h and other time intervals.   
 
Fig. 8 The removal rate of phosphorus in the substrate of FS-G-CD-S-SS model at different drainage time intervals when 
phosphorus concentration in the inlet water is 300mg/L. 
Fig.9 The removal rate of phosphorus in the substrate of 
FS-G-CD-S-SS mode at different drainage time intervals when 
phosphorus concentration in the inlet water is 400mg/L 
Fig.10 The removal rate of phosphorus in the substrate of 
FS-G-CD-S-SS mode at different drainage time intervals when 
phosphorus concentration in the inlet water is 500mg/L 
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Fig.9 indicates that the substrate of simulated constructed wetland model FS-G-CD-S-SS has very 
significant difference in removal rate of phosphorus (F=177.08; P<0.001) when phosphorus concentration 
in the inlet water is 400mg/L. There is general difference between 0.5h and 16h, or between 1h and 48h, 
or between 2h and 8h. However, those time intervals have very significant differences with other time 
intervals in removal rate of phosphorus. In addition, significant differences exists among 0.25h, 4h and 
24h.  
Fig.10 reflects that the substrate of simulated constructed wetland model FS-G-CD-S-SS has very 
significant difference in removal rate of phosphorus (F=47.08; P<0.001) when phosphorus concentration 
in the inlet water is 500mg/L. There is general difference between 0.25h and 0.5h, no difference between 
0.5h and 1h, and general difference among 1h, 2h and 4h. However, there are very significant differences 
among 8h, 16h and 48h and between the three time intervals and other time intervals. In addition, 
significant differences exist between 24h and the time intervals of 0.25h, 2h, 8h, 16h and 48h.  
Correlation between drainage time at different concentrations of inlet water and removal rate of 
phosphorus 
The experimental results show that there is no significant difference between drainage time at different 
concentrations and the removal rate of phosphorus as indicated in table 4. 
Table 4 Correlation between drainage time at different concentrations and the removal rate of phosphorus 
Concentration˄mg/L˅ 100 200 300 400 500 
Correlation coefficient 0.316845 -0.08848 -0.08868 -0.00942 0.346028 
Conclusions 
Conclusions could be drawn from above discussions that: 
(1) The best removal rate could be reached in the substrate of the constructed wetland FS-G-CD-S-SS 
model when the concentration of phosphorus in the inlet water is 200mg/L. 
(2) The best removal rate could be reached in the substrate of the constructed wetland FS-G-CD-S-SS 
model when the drainage time reaches 24h. 
(3) The higher the concentration of pollutants, the more difficult to remove the pollutants in the 
substrate.  
   Therefore, wastewater should be pre-treated so as to reduce its concentration of pollutants before 
draining it into the constructed wetlands. Otherwise, the constructed wetlands will not be able to play its 
purification functions. 
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